Radial Frequency (RF) contours provide a unifying system to represent familiar shapes, such as triangles (RF3), squares (RF4) and pentagons (RF5), but it is not clear whether these sorts of shapes are detected by separate RF-tuned processes, or instead by a common shape mechanism. It has been suggested that multiple mechanisms are responsible for the detection of globally processed RF patterns, at least up to RF10. In this study, we used a sub-threshold summation paradigm to determine whether multiple shape channels are required to account for detection of RF patterns in this range. To do so, the modulation detection threshold required for discriminating an RF component in isolation from a circle, was compared to that obtained when a second, half-threshold amplitude, component was added to the single closed-contour. Threshold improvement occurred when the two shape components were the same RF, but usually not when the components differed in RF. These results cannot be explained by a single broadly-tuned shape channel and suggest that several narrow-band RF channels underpin detection of patterns below RF10, where the shapes have previously been shown to be processed globally.
Introduction
Over 50 years ago, Attneave (1954) noted that joining points of maximum curvature by straight lines was often a sufficient representation to allow recognition of complex objects. Since that time considerable research effort has been expended on trying to determine the critical features for shape representation and the processes which encode them (Biederman, 1987; Grossberg, 2004) . More recently, a novel class of stimuli called Radial Frequency (RF) contours have been used to investigate the processing of shapes defined by closed-contours (Anderson, Habak, Wilkinson, & Wilson, 2007; Bell, Badcock, Wilson, & Wilkinson, 2007b; Habak, Wilkinson, Zakher, & Wilson, 2004; Hess, Wang, & Dakin, 1999; Jeffrey, Wang, & Birch, 2002; Wilkinson, Wilson, & Habak, 1998) . RF contours can be used to represent simple shapes, such as triangles and pentagons ( Fig. 1) , and also combined to represent the borders of more complex objects, having already been used for human heads and pieces of fruit (Wilkinson, Shahjahan, & Wilson, 2007; Wilson & Wilkinson, 2002; Wilson, Wilkinson, Lin, & Castillo, 2000) . Points of maximum curvature are also critical for the detection of modulation in RF patterns (Bell, Dickinson, & Badcock, 2008; Loffler et al., 2003) but the flexibility of this approach to shape creation facilitates examination of the underlying processes (Loffler, 2008) . RF patterns are created by sinusoidally modulating the radius of a circle, where the number of cycles of modulation required to complete the circumference defines the RF number. The representation of complex objects requires a combination of RF shape components to be added to form a closed-contour, each of which can vary in phase, amplitude and number of cycles, Wilson & Wilkinson, 2002; Wilson et al., 2000) . The underlying mechanisms responsible for processing RF shape components are yet to be fully understood (Loffler, 2008) , but appear likely to critically involve higher cortical areas, such as V4 (Gallant, Shoup, & Mazer, 2000; Wilkinson et al., 2000) and the Lateral Occipital Complex (LOC) (Betts, Rainville, & Wilson, 2008; Rainville, Yourganov, & Wilson, 2005) . We may better understand how complex shapes are perceptually represented if we can delineate the properties of the mechanisms which underpin detection of single-RF contours, since these stimuli are thought to be significant for intermediate level form processing (Habak et al., 2004; Hess et al., 1999; Loffler, 2008; Poirier & Wilson, 2006; Wilkinson et al., 1998) . Several researchers have shown that, for low RF patterns (below approximately 10 cycles/360°), our ability to detect periodic deviations from circularity is better than predicted from a probability summation of independent detection of individual cycles, indicating these patterns are detected in accordance with global shape processing Hess et al., 1999; Jeffrey et al., 2002; Loffler et al., 2003) . Within this range of patterns, it has been suggested that more than one shape mechanism is necessary to account for human performance (Bell, Badcock, Wilson, & Wilkinson, 2007a; Loffler et al., 2003) . This argument is based on research showing differences in the strength of global shape integration as a function of RF , from the results of masking studies involving compound RF patterns (Bell et al., 2007a; and from the findings of adaptation studies (Anderson et al., 2007; .
Given that the detection of low RF patterns has been found to involve global shape mechanisms within the human form processing pathway Hess et al., 1999; Jeffrey et al., 2002; Loffler et al., 2003) , and because these patterns provide a highly controllable stimulus which can be used to represent simple and complex object shapes, we believe they are appropriate stimuli with which to investigate the mechanisms which underpin global 2D shape processing. Whilst the previous studies have produced results suggesting that multiple RF shape channels are required to account for performance, they have not directly tested how many channels would be required to account for the detection of global RF shapes. The aim of the current study is to provide an additional test of whether multiple shape channels are necessary to account for human performance with low RF patterns, as has been previously suggested (Bell et al., 2007a; Loffler et al., 2003; Poirier & Wilson, 2006; Wilkinson et al., 2003) ; and subsequently, to estimate the number of RF shape channels which are necessary to account for detection of patterns up to RF10. To achieve this aim, we use a sub-threshold summation experimental design; this technique has a long history and has proven useful for distinguishing spatial frequency channels (Campbell & Robson, 1968; King-Smith & Kulikowski, 1975; Kulikowski & King-Smith, 1973; Sachs, Nachmias, & Robson, 1971) ; for a review of this work and of the paradigm itself, see (Braddick, Campbell, & Atkinson, 1978; Graham, 1977; Graham, 1989; ) and has also been employed for orientation bandwidth estimates; reviewed in Graham (1989) . In the present study, we measured the ability to detect deformation in a single-RF component in isolation, and also, when a second RF component was added to the contour at half the component's modulation-threshold amplitude. Several different RF combinations were tested. If both RF components contribute towards a common shape detector reaching threshold, then sensitivity to a single-RF component should be improved by the contribution of the second RF component (at sub-threshold amplitude); i.e., analogous to the 'dipper effect' found in other visual domains such as contrast discrimination within a spatial frequency channel (Legge & Foley, 1980; Nachmias & Sansbury, 1974) and in the detection and discrimination of texture-defined patterns (Kingdom, Prins, & Hayes, 2003; Morgan, Chubb, & Solomon, 2008) . However, if the two RF components do not feed into a common channel, then sensitivity to a single component on the compound will either be enhanced a small amount by probability summation across multiple detectors (Graham, 1977 (Graham, , 1989 or, as has been found in the past for widely separated RFs, be the same as sensitivity to the single-RF component in isolation, e.g., Bell et al. (2007b) .
Method

Participants
Three experienced psychophysical observers participated in the current study. One (J.B.) was an author, whilst E.C. and E.D. were unaware of the experimental aims. All subjects had normal, or corrected-to-normal visual acuity. Testing was binocular, except for ED who has a divergent squint and completed testing using monocular vision.
Apparatus and stimuli
Experimental stimuli were created using Matlab 6.5 (Mathworks, Natick, 2002) and then loaded onto the frame store of a VSG 2/5 Graphics card (Cambridge Research Systems [CRS], Rochester, 2002) which was housed in a Pentium computer (2.4 GHz). Stimuli were displayed on a Sony Trinitron 17 SEII monitor with a screen resolution of 1024 Â 768 pixels (12.8°Â 9.6°) and a 100 Hz frame rate. The screen had a mean luminance of 50.4 cd/m 2 . The luminance of the monitor was regularly Gamma corrected using an Optical (CRS, Head model # 265). A fixed viewing distance of 131 cm was maintained using a chinrest. At this distance, a single square pixel subtended 0.75'. Testing took place in a darkened room.
The radial frequency patterns used in this study (see examples in Fig. 1 ) are consistent with those used in previous research (Bell et al., 2007b; Wilkinson et al., 1998) . The distance from the centre of the pattern to the midpoint of the contour is given by:
Here r (radius) and h (angle) represent the polar coordinates of the contour and r mean is the average radius of the contour. A 1 and A 2 are the radial deformation amplitudes of the two components (these values are typically small and less than 0.5, ensuring the compound patterns did not pass through the centre); x is the radial frequency (number of cycles in 2p radians) and u is the relative phase angle. When detecting a single-RF contour, the amplitude of the second radial frequency component, A 2 , was set to zero. The luminance profile of a radial cross section corresponded to a D4 (the fourth derivative of a Gaussian) which, with sigma set to 3.367' resulted in a peak spatial frequency of 8 c/° (Wilkinson et al., 1998) . The luminance Weber contrast of the pattern was set to 0.99. All patterns had a mean radius of 0.5°. The stimulus was presented for 160 ms with a 300 ms ISI. 
Procedure
The method of constant stimuli (MOCS) was used to control stimulus presentation, in conjunction with a two-interval forced choice procedure. The task of the observer was always to choose the pattern which appeared to be most deformed from circularity. For conditions measuring detection of a single-RF pattern in isolation, the reference was a smooth circle. In masked conditions, the test and reference patterns both contained a second RF component, added at half deformation threshold amplitude (measured for each observer [threshold = 75% accuracy]) and therefore was not a visible distortion of the circular contour in the reference pattern. In all trials, the test pattern contained an RF component, with one of seven randomly interleaved levels of radius modulation added. The phase of the test RF component was randomised between presentations to minimise the ability to predict the precise location of points of maximum deformation. In cases where the mask and test components were the same RF, both components were locked in phase. This was necessary to ensure that adding amplitude to the test component increased pattern deformation. Since it is not possible to keep all points of deformation in phase when the test and mask components are not the same RF, the phase of the mask RF component was randomised relative to the test RF component on each trial. Some conditions were also run where the two different RF components on the test pattern were fixed in phase. These latter conditions ensured that at least one lobe of each RF component was spatially coincident; however, since the mask components were sub-threshold, there was no noticeable difference in appearance in the phase-locked and phase randomised conditions. The order in which the test and reference patterns appeared was randomised on each trial, and the position of each pattern was spatially jittered ±25% of the pattern radius on each presentation. Participants signalled their responses using a two-button mouse, no feedback was given. Non-linear regression was used to fit a Logistic function to the data (Prism 4.0, Graphpad Software Inc., 2003) relating correct identification to amplitude modulation level in order to obtain an estimate of the level of modulation producing 75% correct performance. Testing was completed in several 1 h sessions. The testing protocol was approved by The University of Western Australia Human Research Ethics Committee.
Results
Fig. 2 presents results for three observers when detecting a range of different RF contours (RF3, RF5, RF7 or RF9), in separate conditions. The vertical axes describe the proportion of radius modulation required for detection (A 1 in Eq. (1)). The horizontal axes indicate the frequency (RF) of the mask component, which was present on the test and reference patterns (at half-threshold amplitude). Within each figure, horizontal lines describe thresholds for detecting a particular RF pattern in isolation (±95% confidence intervals, shown as dashed lines); this threshold is the baseline against which performance in the presence of a subthreshold mask is compared. For any given test RF (3, 5, 7 or 9), the baseline and masked conditions are shown in the same shade of grey, in order to highlight the relevant comparison. Since we have used smooth closed-contours as test stimuli, it is only possible to use integer RFs when the modulating function extends the entire circumference. It is clear from the figure that threshold reduction occurs when the mask and test components are the same frequency (RF). This is indicated by the clear notch in performance centred on the test frequency. There is, on average, no significant improvement in thresholds when the mask and test components differ in RF. This tightly tuned pattern of results is found for all the frequencies tested, and for each observer. This suggests that RF components which differ in frequency are processed by different shape channels, since a common mechanism should yield a substantial decrease in the threshold required to detect the test RF component on the compound pattern, even when RFs differ. This clearly does not occur, and therefore suggests that the . Each horizontal line, and the data points which plot detection thresholds for the same RF pattern in a compound pattern containing a second RF component (presented at half-threshold amplitude) are coded with the same brightness level (see Ledger in Figure) . The error bars on each data point shows the 95% confidence intervals of that estimate. The unfilled data points for observers J.B. and E.D. show thresholds when the relative phase of the test and mask component was fixed-see in text for a full description of these conditions. detection of RF contours within the global range (up to RF10 at least) is underpinned by several narrow-band RF channels. This also suggests that integer RFs may represent different shapes, such that an RF3 (triangle) is categorically different from an RF4 (square) and an RF5 (pentagon).
Since the phase of the mask component was fixed (locked in phase) relative to the phase of the test component only when the components were the same RF, it may be that the threshold improvement in these conditions was achieved by detecting an increase in deformation at a local point on the contour; which would happen more predictably when patterns were phase-locked than when phase was randomised, however, the polar angle of that point did change randomly from trial to trial. To test whether this could account for our results, two observers (J.B. and E.D.) repeated several masking conditions involving dissimilar RF components, but now the test and mask RF components were locked in phase on the compound; ensuring that at least one modulation cycle of each RF component was spatially coincident on the contour. Fig. 3a illustrates this point. For example, a single half-threshold amplitude RF4 mask component (grey solid line), is further deformed from circularity by adding an in phase RF5 test component to the pattern at half-threshold amplitude: i.e., three lobes out of four are increased in deformation and also, an extra lobe appears near the 180°label on the polar plot (black solid line). It seems appropriate to focus on the lobes as points of maximum curvature have been shown to be critical for performance on this deformation detection task Wilkinson et al., 1998) . The deformation of two of these lobes achieves the spatial displacement required to detect an RF5 (black dashed line represents the location of the outermost contour points at detection threshold for an RF5).
This dashed line is also the appropriate point to consider for the detection of a single component in a compound RF pattern, because thresholds for detecting an RF5 test component were approximately halved (0.48 ± 0.01 SD averaged across observers) in the presence of a half-threshold RF5 mask component (Fig. 2) , i.e., when the two half-threshold components were summed, the outer points on the contour reached the location shown by the Black dashed line. If the improvement in thresholds in this condition simply resulted from a single lobe of the pattern reaching the deformation required to detect an RF5 pattern, then thresholds for detecting an RF5 component should also be significantly reduced in the presence of a dissimilar RF mask component, such as an RF4, which is in phase, and added at half-threshold amplitude. In addition to locking the two different RF components in phase on the compound, we also fixed the absolute phase of the RF5 test component so that observers could predict where the points of greatest deformation from circularity would appear on each trial. For both observers, performance when there was a fixed-phase relationship between components (unfilled black square data points in top (J.B.) and bottom (E.D.) of Fig. 2 [note: data points have been nudged horizontally for clarity]) was very similar to performance when the test pattern contained random-phase RF components (solid black square data points). More importantly, there was no improvement in thresholds compared to detection of the RF5 pattern in isolation (black horizontal line centred on RF5). This failure to find an improvement suggests that spatial uncertainty is not playing a major role in performance on these tasks (Graham, 1989) , as would be expected given the global nature of the contour processing that has been shown with these patterns Loffler et al., 2003) . To test whether threshold improvement would occur, under these conditions, for RF patterns towards the upper end of the range that has been reported to show global processing , we measured detection of an RF9 test pattern in the presence of an in phase RF10 mask. The performance obtained when the RF9 test component and RF10 mask component were fixed in phase on the contour is marked by the unfilled diamond shaped data points in the top (JB) and bottom (ED) of Fig. 2 [again nudged horizontally for clarity] and was not improved compared to performance when the components were in random-phase relative to each other (solid diamond shaped data point) nor when compared to thresholds for detecting an RF9 in isolation (black horizontal line centred on RF9). This set of results indicate that, for patterns up to at least RF9, the improvement in thresholds when the test and mask components are the same RF does not result from the detection of increased deformation at a Fig. 3 . Provides an illustration of how summing two dissimilar RF components changes the deformation at each point on the contour compared to a single-RF component. (A) Grey solid line shows an RF4 mask at half-threshold amplitude; the Black solid line illustrates how adding a half-threshold RF5 test component to the contour changes the deformation at each point. The black dashed line plots the spatial displacement which would be necessary to detect an RF5 pattern in isolation. (B) The solid Grey line shows an RF23 mask at half-threshold amplitude; the Black solid line shows how deformation is altered by adding a half-threshold RF24 test to the contour. The black dashed line plots the spatial displacement which would be necessary to detect an RF24 pattern in isolation. In both figures, RF components are shown at the threshold amplitude levels reported for a typical observer (J.B.). The axes of the polar plot have been magnified to make it easier to compare deformation at each point and therefore the deformation shown is not representative of the appearance of the stimuli in testing.
local point on the contour arising from combining the two sinusoidal components (Badcock & Derrington, 1985; Graham, 1989; Henning, Hertz, & Broadbent, 1975) . The improvement in thresholds in these conditions is consistent with a global integration of local shape cues across a large amount, perhaps all of the contour Loffler et al., 2003) .
While the data are not consistent with performance improving because a single lobe is enhanced, in the stimuli showing most improvement there are multiple enhanced lobes. To test whether global processing is required to explain performance, rather than the detection of multiple local features independently, we conducted two additional experiments. In the first, we tested for summation between phase-locked RF components, in the global range, which are harmonics of each other (e.g., RF3 and RF6); meaning that the deformation from circularity introduced by the subthreshold mask is now spatially consistent with several of the curvature maxima of the test. In the second experiment, we measured performance for high RF contour shapes, which are reported to be above the upper limit for global shape processing (Bell et al., 2007b; Loffler et al., 2003) .
Pairing RF components which differ by a factor of two provides a strong test of whether the absolute number of lobes being enhanced by the presence of the RF mask mediates our results. The reason being that for such combinations, the deformation introduced by the mask RF coincides with multiple lobes on the test RF component. If threshold improvement is not shape specific but simply requires deformation enhancement at multiple locations along the contour, then these mask/test combinations should produce threshold improvement. Fig. 4 presents data for two observers when detecting an RF3 (grey data points) or an RF6 (black data points) in the presence of an RF mask which is either the same RF or different (either half or double the frequency). The relative phase of each component, as well as the absolute phase of the test component was fixed during a run. In all four conditions shown, the sub-threshold mask RF increases deformation at multiple locations on the contour, coinciding with those that are being deformed by the test component (i.e., all three lobes in the case of an RF3 test with an RF6 mask and three out of six lobes in the case of an RF6 test with RF3 mask). Despite the increase in the number of lobes being deformed, threshold improvement only occurs when the mask is the same RF as the component being detected, as we reported in the previous experiment (Fig. 2) . This is consistent with the idea that all of the lobes of the pattern being detected need to achieve a certain amount of deformation from circularity in order for threshold improvement to occur. This extra set of conditions is consistent with the data shown in Fig. 2 . Both sets of data indicate that local changes alone are insufficient to produce an increase in sensitivity to a particular global RF shape: the subthreshold component must represent the same RF.
To further explore the role that the number of lobes plays in our findings, we investigated performance for higher RF patterns (e.g., RF24), which have been shown to be above the upper integration limit for global processing . By increasing the RF of the test and mask components being employed, we can directly increase the absolute number of points on the contour which are being enhanced when the RF mask and test are combined (see Fig. 3B for an illustration of this point). This provides an additional test of whether threshold enhancement is shape specific or is simply dependent upon the number of points of deviation from circularity. We chose an RF24 test pattern, since this has been shown to be detected in accordance with probability summation of local processes . The procedure was identical to that used in the previous experiment, except that now the pattern being detected was an RF24 (see Section 2.3). Fig. 5 shows results for three observers when detecting an RF24 in isolation (horizontal line in each figure ±95% CIs [dashed lines]) and also when a second RF component was present on the contour at half-threshold amplitude (filled black data points). The axes in each figure are the same as those in Fig. 2 .
For all three observers, threshold improvement occurred when the mask component was the same RF as the test component (RF24). This was expected, because the detection of high RF patterns is consistent with local processing, and summing two in phase RF components (of the same RF) increases deformation from circularity at every point on the contour. However, thresholds were not improved when the mask and test components differed in RF. Initially this seems surprising since adding two different RF components still increases pattern deformation at multiple points on the contour and as noted, detection of high RF patterns does not involve global integration of shape information from across the whole contour. In the case of an RF23 and RF24 combination, for a range of different phase relationships, approximately 15 out of 24 lobes are enhanced when both components are added at halfthreshold amplitude (see Fig. 3B black solid line for an illustration of this with two in phase components). However, since the two RF components were in random-phase, the precise location on the contour where there was an increase in pattern deformation was not predictable from one trial to the next. As with the previous experiment, we also ran conditions where the mask and test components where locked in phase, and where the phase of the test RF component was also fixed, making the location of points of maximum deformation predictable on each trial (unfilled square data points in top (J.B.) and bottom (E.D.) of Fig. 5 ). Now, thresholds for detecting an RF24 pattern are improved (compared to baseline) by the addition of a second RF component, even though the mask component was not the same RF as the test component. This shows that thresholds for detecting a high RF pattern (RF24) are improved in conditions where the observer is able to reliably predict the local region of the contour in which the mask and the test components have summed to increase deformation from circularity. This suggests that the improvement in performance for high RF contours is not RF shape specific and does not depend upon the number of lobes enhanced but instead, improvement is related to a reduction in spatial uncertainty, i.e., the ability to predict the local region where the increase in deformation is greatest, highlighting the local nature of this task. This is fundamentally different from performance involving RF shape components within the global processing range, where fixing the position at which the two different RF components summed to increase deformation from circularity did not improve performance, compared to baseline. This difference occurs despite the fact that, at least for the examples in Fig. 3 , summing two dissimilar RF components increases deformation for an almost identical proportion of lobes across the entire pattern (3/5 = 0.6: RF4 and RF5 [A] ; 15/24 = 0.62: RF23 and RF24 [B] ). The likely explanation for the difference between the results for low and high RF contours is that, for low RF contours, performance is only improved when deformation is increased over the entire contour, because the threshold for a global pattern is substantially lower than for fewer lobes of the same pattern at low RFs Loffler et al., 2003) .
Discussion
The present study provides evidence to suggest that low radial frequency (RF) patterns (at least below RF10) are processed through several narrow-band shape channels. These findings support previous research, which has suggested that more than one mechanism is required to account for the detection of globally processed RF contours (Bell et al., 2007a Loffler et al., 2003; Wilkinson et al., 2003) . However, by systematically testing for summation across different RF components, we have shown that performance is most easily accounted for by proposing multiple narrow-band RF channels, each with a width of approximately a single-RF. The pattern of results was unaffected by the frequency of the test pattern, suggesting a regular series of RF channels covering patterns up to at least RF9. We tested across this range of RF patterns because their detection is suggested to involve strong global pooling of local shape information . For higher RF patterns (RF24), which were previously suggested to be detected using local processing only , performance can be explained by the use of local shape cues alone.
Sub-threshold summation has previously been used to estimate channel bandwidth in other visual domains, such as spatial frequency tuning (King-Smith & Kulikowski, 1975; Kulikowski & King-Smith, 1973; Sachs et al., 1971) . Within the spatial frequency literature, there is evidence that sub-threshold summation can result in an underestimation of channel bandwidth, compared to the results of adaptation and masking experiments (Braddick et al., 1978; Graham, 1977; partly because spatial beats in the waveform can facilitate detection by local operators (Badcock, 1988; Henning et al., 1975 ). This literature is certainly relevant to any discussion of channel bandwidth; however, the aim of the current study was not to produce a precise bandwidth estimate. We have simply asked whether any two integer RFs feed into a common detection process. Our results suggest they do not. We have chosen not to pursue a fine-scale estimate of channel bandwidth. We did so, not only because of concerns about estimating channel bandwidth using sub-threshold summation, but also, because to do so would require the use of incomplete circular contours, or contours with abrupt breaks, or the insertion of a circular arc to complete the contour. It is entirely possible that the use of such stimuli could result in estimates of channel bandwidth which are even narrower than those already deduced. However, since such patterns would differ in a number of ways from those employed here, we have not investigated the issue further. . Presents results for three observers when detecting an RF24 pattern. All axes are comparable to those described in Fig. 2 . Each horizontal line shows that observer's threshold for detecting an RF24 in isolation (+95% CIs [dashed lines]). Filled data points show RF 24 thresholds in the presence of a half-threshold amplitude RF mask component. Unfilled data points for JB and ED show performance on the same task but now the phase relationship between the test and mask components is controlled-see in text for a more complete description.
The narrow-band RF channels proposed in the present subthreshold study, are largely consistent with the results of previous adaptation studies involving RF patterns (Anderson et al., 2007; Bell et al., 2007a or similar primitives (Alter & Schwartz, 1988) , and with the results of lateral masking studies involving RFs (Habak, Wilkinson, & Wilson, 2006; Habak et al., 2004) . However, what was not attempted in the previous research was a systematic investigation of performance across a broad range of globally processed RF shapes. This is an important and novel aspect of the current study.
One possible explanation for this narrow-band shape tuning is that RF contours are processed according to the position of points of maximum curvature, in relation to object centre, a description which differs as a function of RF Habak et al., 2004) and is not consistent with Fourier descriptors (Alter & Schwartz, 1988) . This type of shape coding has been used to model RF pattern detection and recognition (Poirier & Wilson, 2006) . The basis for this comes from physiological research where populations of cells have been found in Macaque area V4 which are individually tuned to respond to a restricted range of contour curvature in a particular location (Connor, 2004; Pasupathy & Connor, 1999 , 2001 ). In the current RF model (Poirier & Wilson, 2006) , single-RF shapes are argued to be represented as periodic deviations from circularity, on a curvature by angular position map. Global shape integration occurs when the map describing the major features (points of maximum curvature) of a shape match an existing shape template (for a single-RF pattern matching is implemented as a correlation with a sine-wave function). The basis for these shape templates is directly analogous to that proposed by Pasupathy and Connor (2002) , who also model shape representation as a population-code. While the shapes recreated by the Pasupathy and Connor model are not all directly comparable to RF patterns, in that they were not necessarily periodic or symmetrical, the shapes were always described by the relative position, and gradient of their points of curvature, which is consistent with the pertinent cues for RF shape detection Loffler et al., 2003) . In this respect, the population-code based analysis of shape proposed by Pasupathy and Connor (2002) appears consistent with our results because when two sub-threshold RF components, of the same RF are summed, both components would contribute to the activation of a single periodic shape template, improving thresholds for detecting the second RF component, as we show. However, when two different RF components are summed, the relative positions of the points of maximum curvature would not correlate as well with a tightly tuned periodic shape template; which could account for the lack of summation between different RF components. This type of shape representation would also predict a triangle (RF3) to be perceptually distinct from a square (RF4) at threshold amplitude. There is some evidence for this in previous research, showing that observers can discriminate between low RFs (presented just above threshold amplitude [3Â]) with better than 90% accuracy, despite very short presentation intervals [167 ms] (Wilkinson et al., 1998) . The results of the current study do not exclude the possibility that our findings are specific to the processing of RF contour shapes. However, it has been repeatedly demonstrated that RF pattern processing does involve mechanisms which process global shape information (Anderson et al., 2007; Bell et al., 2007b Hess et al., 1999; Jeffrey et al., 2002; Loffler et al., 2003; Wilkinson et al., 1998) . In addition, the curvature-defined form produced by adding modulation to an RF contour of a given frequency, is very similar in appearance to many of the abstract curvature-defined shapes that other researchers have used to study shape processing (Alter & Schwartz, 1988; Pasupathy & Connor, 2001; Pasupathy & Connor, 2002; Schwartz, Desimone, Albright, & Gross, 1983; Yamane, Carlson, Bowman, Wang, & Connor, 2008) . The current study is an important compliment to existing research and using a psychophysical paradigm, our data provide support for Pasupathy and Connor's (2002) proposal of distinct templates for representing different types of shapes within the form pathway. Poirier and Wilson's (2006) RF pattern model suggests that shape templates could also be created to represent complex objects, which implies that summation might occur between dissimilar supra-threshold RF components if they were combined in a manner that was consistent with the borders of a natural object, such as a piece of fruit or a human head Wilson and Wilkinson, 2002; Wilson et al., 2000) . This idea is not investigated here but would provide an interesting test of the way that complex objects are represented in the current model.
